• Earlier experiments 1>2 suggested that the contractile strength of the cardiac ventricles might be determined by the pressure in the coronaiy arteries and not by the quantity of metabolites supplied to the heart muscle or by presystolic factors. In further investigations (reported here in section II), we confirmed this hypothesis: coronary perfusion pressure influenced ventricular contractile strength even under conditions which excluded variation of metabolic support. Coronary pressure might have exerted its inotropic effect, either directly, or else through a corresponding change of intramyocardial pressure. Since the literature did not contain information concerning factors which control intramyocardial pressure, it was necessary to investigate this entity. Data which identify determinants of intramyocardial pressure are reported here in section I; the} were a prerequisite for further experimental analysis of factors Avhich influence contractile strength. Each parameter which had influenced intramyocardial pressure was examined with a view to uncovering its role, if any, in the regulation of contractile strength.
• Earlier experiments 1>2 suggested that the contractile strength of the cardiac ventricles might be determined by the pressure in the coronaiy arteries and not by the quantity of metabolites supplied to the heart muscle or by presystolic factors. In further investigations (reported here in section II), we confirmed this hypothesis: coronary perfusion pressure influenced ventricular contractile strength even under conditions which excluded variation of metabolic support. Coronary pressure might have exerted its inotropic effect, either directly, or else through a corresponding change of intramyocardial pressure. Since the literature did not contain information concerning factors which control intramyocardial pressure, it was necessary to investigate this entity. Data which identify determinants of intramyocardial pressure are reported here in section I; the} were a prerequisite for further experimental analysis of factors Avhich influence contractile strength. Each parameter which had influenced intramyocardial pressure was examined with a view to uncovering its role, if any, in the regulation of contractile strength.
The data presented here indicate that: (1) all factors which are known to regulate the contractile strength of isolated hearts (diastolic volume, diastolic pressure, outflow resistance, coronary pressure, heart rate) also have the ability to cause variations of pressure within the heart muscle; (2) it is this variation of "intramyocardial pressure" which brings about changes of contractile strength; and (3) the intrinsic factors which regulate the performance of isolated hearts may influence contractile strength not directly, but via their common effect on "intramyocardial pressure" (i.e., the pressure at certain specific loci within the heart muscle).
/. Determinants of Intramyocardial Pressure
Methods Intramyocardial pressure (IMP) was recorded here with a method slightly modified after Johnson and DiPalmn. 3 Briefly, it consisted of a segment of the dog's own common carotid artery, about 2.5 cm. in length, which was threaded through the anterior wall of the left ventricle, usually in a tangential manner at a 45-degree angle with the long axis of the ventricle, midway between apex and base. Semirigid tubing extended for a distance of 2 to 3 mm. into the heart muscle to avoid compression of the carotid segment by the epicardium or its extrusion from the myocardium. The "sensing device" (i.e., the carotid artery segment) was inserted in a. straight line; the carotid segment was often somewhat convex in relation to the ventricular cavity with its center placed about midway between the epicardial and the endocardial surfaces. The exact position of the sensing device could not be determined until the end of an experiment. Both ends of the sensing device were attached to teflon tubing (I.D., 0.124 inch; O.D., 0.128 inch) connected through siliconed three-way stopcocks to both ports of a Statham P23Gb transducer. The pressure registration system was filled with saline; gas bubbles were eliminated. The volume of saline was adjusted so that the system recorded well-developed phasic tracings. The absence of leaks was attested by stable recordings during control periods of 10 to 15 minutes. Since the pressure in such a. system was a function of its liquid content, 4 the volume of the registration system was not varied after control periods had attested to its satisfactory performance. Peak systolic pressures occurred simultaneously in the left ventricle and in the intramyocardial pressure registration systems without a recognizable time lag. The position of the sensing device in the ventricular wall (depth, curvature, proximity to apex or base) did not seem to alter the direction
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of observed variations of intramyoeardial pressure. Pressures were also recorded in the left ventricle, the coronary perfusion system, and the aortic arch or a femoral artery. Intramyoeardial and left ventricular pi-essure recording systems had a flat frequency response (±5 per cent) to 70 c.p.s. when tested with the method of Linden.
5
In 14 experiments, measurements were made in paced, donor-perfused, isolated heart preparations, 2 modified from the arrangement described in 1950 by Garcia Ramos, Alanis, and Rosenblueth. 8 Left ventricular cavity volume was known from the amount of liquid injected into or removed from it, as well as from heart weight and steady state pressures. Pressure-volume diagrams 2 of the left ventricle were correlated with intramyoeardial pressure at varying levels of coronary perfusion during isovolumic* contraction. Intramyocardial pressure was also measured and correlated with other parameters in the same isolated heart preparation after it was surrounded with three layers of gauze, which were loosened and tightened without localized constriction and through which coronary venous blood drained freely.
In four additional experiments in which the hearts beat in situ in open-chest preparations, intramyocardinl pressure was measured together with the systemic and coronary perfusion pressures. The right heart was bypassed, and all venous blood was pumped through a heart-lung machine and returned by way of the left atrium, so that the output of the left ventricle was known from the setting of the pump and could be varied intentionally. Separate perfusion of the left main coronary artery with a Gregg cannula permitted controlled and independent variation of coronary perfusion. The systemic resistance could be altered at will by a. screw clamp on the descending thoracic aorta and by a variable-elevation reservoir connected with a femoral artery. Measurements were made during steady states when one of the controlled parameters was altered progressively while the others were constant.
The terms used here to identify specific parameters of ventricular function have already been defined elsewhere; 2 they were derived from the terminology of Rushmer 8 and of Landowne and Stacy. 0 *It hits been pointed out by Hawthorne 7 that, the heart muscle fibers of a ventricle shorten to some extent, oven when the ventricular cavity volume does not vary in systole. A cardiac cycle during which the loft ventricular volume remains constant, approximates isometric conditions. The term "isovolumie "* would appear more appropriate than " isovolunietric, " .since it is simpler and docs not imply constant fiber length ("nietros"-Greek for length) or measured volume. 30  40  50  0  10  20  30  40  50   60   HR   79  79  79  79  79  79   79  79  79   79  79  79  79  79  80  80  80  80  80  80   80  83   83  83  83  83  83  80  80  80  80  80  80 
Results
SHAPE OF THE INTRAMYOCARDIAL PRESSURE CURVE
Intramyoeardial pressure tracings from isolated heart preparations (isovolumic contraction) had only one systolic peak, which occurred simultaneous with the left ventric- ular peak pressure. Tracings from hearts that pumped blood in situ usually exhibited an "M-shape": the first systolic peak coinciding with the end of the isovolumic phase of contraction, while the second peak occurred about 50 to 100 msec, after the first peak, often at a time when the left ventricular pressure was decreasing ( fig. 1 ). The second systolic peak of the intramyocardial pressure curve appeared to increase with increasing stroke volumes when other factors were constant (12 observations). The magnitude of the first intramyocardial systolic peak apparently was related to aortic pressure, but not to cardiac output in the experiments performed here. •Abbreviations are explained in footnote to table 1. tLast three observations from hearts beating in situ.
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} Cardiac output (ml./Kg./min.). §Systemic arterial pressure (mm. Hg).
to 8 mm. Hg, the intramyocardial diastolic pressure (IMDP) varied in the same direction, regardless of the intervention which had caused the change of cardiac performance (tables 1* through 5, 16 observations); however, below this value there was no correlation between the two diastolic pressures. At "Increases of the LV volume stretched the embedded sensing device and thereby lowered the pressure in it, 16 causing a registration artifact discussed below. Allowing for the registration artifact, the actual increments of "intramyocardial pressure" associated with increases of LV volume must have been of a magnitude larger than those shown in table 1. 
Influence of epicardial compression on left ventricular performance at constant ventricular volume in isolated heart. Arro%os: two successive degrees of compression by tightening gauze restraint around epicardial surface. Note increases of left ventricular pressure mid intramyocardial pressure during periods of compression. Coronary perfusion pressure (CP).
(table 1), or by the paced heart rate (table 5), the IMDP either remained constant or changed in a direction opposite to the LVDP.
Discussion
Physiological effects of intramyocardial pressure were postulated as early as 1695 by Scaramueci from observations in snakes, 10 3 ) pools of liquid injected into various parts of the myocardium; simultaneous recordings were also made of aortic pressure, coronary arterial and venous pressures, and coronary blood velocity. From their work, the "M-shape" as well as the time relationships of intramyocardial pressure and the other measured parameters became apparent. Cardiac performance was not altered deliberate^ in the experiments of Laszt and Mueller; the magnitude and shape of the intramyocardial pressure curves recorded from different regions of heart muscle were distinctly variable.
CRITIQUE OF THE METHOD
Preliminary experiments with a method similar to that of Laszt and Mueller convinced us that we would have been unable to obtain significant records for an adequate period of time during changes of cardiac performance. The relative position of the needle tip to the strata of heart muscle varied with the changing dimensions of the heart, even when the orifice was maintained at a fixed distance from the epicardium. In our experiments with the Johnson-DiPalma method, the position of the pressure-sensing device was relatively fixed in relation to the surrounding heart muscle and consistent records during steady states depended on the constant volume of the registration system. This system did not measure true intramyocardial pressure because it integrated regional pressures along the course of the embedded sensing device. The elasticity of the embedded, liquidfilled tube contributed to the recorded pressure; it is known that the distensibility of elastic tubes increases with longitudinal stretch. 15 In experiments with carotid arteries (not reported here), we confirmed that observation: stretch of a tied-off 2-to 5-cm. segment of carotid artery with constant volume caused marked decrease of intravascular pressure (up to 50 mm. Hg). Intramyoeardial pressure curves recorded here reflected directional changes of "integrated intramyocardial pressure" without registration artifacts only when the longitudinal dimensions of the embedded sensing device did not vary.
In isolated hearts, specific parameters which influenced contractile strength were varied during isovolumic modes of contraction. Directional changes of intramyocardial pressure were observed when ventricular function was modified by altering the cavity volume, coronary perfusion pressure, heart rate, or by "epicardial compression." The experiments with hearts in situ did not permit evaluation of specific ventricular function parameters, since the internal dimensions of the left ventricle were not measured concurrently with cardiac output, systemic arterial pressure, and coronary perfusion pressure. However, the in situ method allowed us to measure IMP in hearts which ejected blood and which functioned under less unphysiological conditions. Data from hearts in situ are reported here because they confi rm1814 results of Laszt and Mueller,' 14 in spite of the crude registration method employed here.
INTRAMYOCARDIAL PRESSURE CURVE
The characteristic M-shape of the IMP curve was most clearly described by Laszt and Mueller, 13 ' 14 and also by Guasp. 10 It was observed here with less definition and only in hearts beating in situ, but not in isovolumic preparations. The first peak of the IMSP curve coincided with the maximal isometric contractile tension generated by the left ventricle during a particular cardiac cycle. We believe that its magnitude reflected the magnitude of isometric contractile tension generated by the muscle fibers. The downward slope after the initial IMSP peak was probably caused by a decrease of systolic tension; it was not caused by the instrumental artifact mentioned above (shortening of the sensing device would increase the pressure in it). Thus, the second peak of the IMP tracing in late systole must have been caused by compression around the sensing device due to shortening and spatial rearrangement of the muscle fibers. The M-shape of the IMSP trace could have been evidence that contractile tension of the heart muscle fibers began to fall at the end of the isovolumic contraction phase.
DETERMINANTS OF SYSTOLIC INTRA-MYOCARDIAL PRESSURE
The systolic pressures in the left ventricle and in the myocardium varied in the same direction whenever the diastolic cavity volume of the left ventricle was increased beyond a certain volume (approximately 20 to 30 ml./lOO Gm. heart weight). When the left ventricular volume was reduced below 20 ml./lOO Gm. heart weight, the systolic pressure in isolated left ventricles remained directly related to the cavity volume, but the IMSP rose as the LV volume reduced toAvard zero ( fig. 2) . The behavior of IMSP at abnormally low cavity volumes may have been due to recording artifacts.
DETERMINANTS OF DIASTOLIC INTRA-MYOCARDIAL PRESSURE
When the LVDP was above 6 to 8 mm. Hg and when the performance of the heart was altered, IMDP changed in the same direction as LVDP. It was, therefore, not possible to dissociate myocardial fiber tension in diastole from other factors that may have determined IMP above this range of LVDP. It was logical to assume that compression of the ventricle with gauze would cause parallel elevations of LVDP and IMDP by direct transmission of pressure and not through increases of diastolic fiber tension.
When LVDP was below 6 to 8 mm. Hg, changes of IMDP and LVDP took place in the same direction when cardiac performance was varied by external compression, coronary perfusion pressure, or changes of systemic resistance. Slight degrees of compression that were without influence on LVDP were reCireillation Research, Volume X, April 1962 fleeted by increases of the IMDP. At constant ventricular volume, parallel changes of LVDP and IMDP after variations of coronary pressure must have been caused by a direct influence of coronary perfusion pressure upon intramyocardial pressure, which could have been due to a corresponding change of coronary blood volume. 17 The decrease of the IMDP, which occurred together with an increase of the LVDP well into the physiological range of left ventricular volume and pressures, was probably due to changing length and distensibility of the sensing device.
Summary
Intramyocardial, left ventricular, and coronary perfusion pressures were recorded from isolated hearts, and also from hearts that beat in situ and supplied the systemic circulation. Intramyocardial pressure tracings from hearts in situ, but not from hearts contracting isovolumically, had two systolic peaks which probably coincided with peak contractile tension and with maximal shortening of myocardial fibers. Within the physiological range of left ventricular volume, the systolic pressures in the left ventricle and the myocardium changed in the same direction when cardiac performance was altered by variation of systemic resistance, coronary perfusion pressure, or by epicardial compression with gauze. Intramyocardial diastolic pressure was observed to change in a direction opposite to that of LVDP only Avhen the LVDP was below 6 to 8 mm. Hg and when cardiac performance was varied by altering left ventricular volume or heart rate. This inverse relation of LVDP and IMDP was probably due to changes of distensibility of the embedded artery segment with changing length.
//. Ventricular Performance Regulated by Epicardial Compression and by Pressure in the Coronary Vessels
Methods
The procedure followed during epicardial compression with gauze of isovolumically contracting isolated hearts has already been described in Section I. 
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Effects of coronary per fusion (CP) on the magnitude of left ventricular contractile strength. Coronary perfusion system filled with blood during periods indicated by solid line (top of figure). Coronary perfusion system otherwise filled with 6 per cent dextran in 0.85 saline. Heart rate S6, and left ventricular volume constant. Note: (1) first peak of LV systolic pressure occurring within a few seconds after reopening of perfusion circuit (evident from CP trace); (2) rise toward a secondary plateau during perfusion with blood; and (3) potentiation of LV systolic pressure after each episode of ischemia.
In order to dissociate the varying availability of metabolites from coronary pressure, two separate procedures were used in each of 11 experiments (65 observations). The two methods were fundamentally alike except that 6 per cent dextran in 0.85 per cent NaCl replaced avterialized blood as coronary perfusion fluid. This "nonnietabolic" solution contained no glucose or other substrates.
The left coronary artery of paced, isovolumic, isolated hearts was connected with a conduit, permitting perfusion either with the synthetic liquid or with arterialized blood from reservoirs of identical elevation and temperature. Intramyocardial, coronary perfusion, and left ventricular pressures and heart weight were recorded. After steady states had become established, the flow in the coronary perfusion conduit was suddenly arrested and the hearts remained without coronary perfusion for 40 to SO seconds, at which time the conduit from the reservoir was suddenly reopened. When the effect of "nonnietabolic" coronary flow was examined, the hearts were perfused with the dextran solution for about 20 seconds or until that time when the eoi'onary venous effluent was almost free from blood, as attested by its transparency and light pink color. The conduit from the dextran reservoir was occluded only when the coronary vessels were bloodless. After 40 to 80 seconds without coronary pressure, the conduit connecting the nonnietabolic reservoir with the left coronary artery was suddenly reopened and the resulting changes of ventricular performance were observed for 30 to 60 seconds. Perfusion with arterialized blood was then resumed.
Results
INFLUENCE OF EPICARDIAL COMPRESSION ON THE CONTRACTILE STRENGTH OF THE LEFT VENTRICLE
It is evident from table 4 and figure 3 that the left ventricular systolic pressure increased whenever myocardial pressure was elevated by transmission of pressure from the epiear- cessively high as a result of external compression, the ventricular pulse pressure decreased, much resembling the "descending limb" of pressure-volume diagrams. 2 Even in paced hearts, excessive compression caused severe bradycardia, the cause of which was not understood. After release of the compressing gauze around the heart, the LVSP fell momentarily but soon returned to a level which exceeded the control LVSP (table 4) . After external compression of the heart, the LVSP was augmented for about five minutes; during this period of potentiation, the IMDP was reduced to a level below that of the control period before compression (range 4 to 8 mm. Hg). In two additional experiments with unpaced isolated hearts, the heart rate increased markedly (average 20 beats) during the "postcompression" period.
183-
INFLUENCE OF CORONARY PERFUSION PRESSURE (AS DISTINCT FROM METABOLIC SUPPORT) ON THE CONTRACTILE STRENGTH OF THE LEFT VENTRICLE
When the coronary perfusion conduit was opened after brief periods of occlusion, an immediate rise in intramyocardial and ventricular systolic pressures occurred within five seconds (figs. 4 and 5). The LVSP was elevated as much as 55 mm. Hg above its level just before reopening the coronary perfusion conduit. After reaching a "primary peak," the LVSP fell during the following 10 to 20 seconds. The increased force of ventricular contraction, which was observed within five seconds after restoration of coronary pressure, was apparently independent of the chemical composition of the perfusion fluid, since it occurred with similar magnitude during perfusion of the eoronaries with blood or with dextran solution (fig. 4 ) and since potentiation was evident in the very first beat. The "primary peak" after temporary ischemia was observed in the IMP registration in two experiments in which an empty left ventricle Avas open and the coronary vessels perfused with blood or dextran; a " thebesian flow'' explanation of the primary peak would therefore seem to be unlikely.
When the coronary tree was perfused with arterialized blood before and after interrupted inflow, the LVSP started to rise toward a "secondary plateau" within 20 seconds after the primary peak (figs. 4 and 5). After dextran perfusion and interrupted inflow, LVSP continued to decline from the "primary peak" until perfusion with blood was resumed. Secondary plateau LVSP's exceeded the control LVSP for a period of five to six minutes. The "primary peak" and "secondary plateau" LVSP did not occur simultaneously with corresponding changes of the heart weight ( fig. 5 ).
Discussion
The volume of the left ventricular cavity was almost constant during the cardiac cycles described here; LV peak systolic pressure, therefore, reflected the magnitude of contractile tension generated by the left ventricle.
When the left ventricle was compressed, the increment of LVSP was much larger than the corresponding change of diastolic pressure; for this reason, the observed LVSP potentiation could not have resulted from passive transmission of pressure to the LV cavity. External compression potentiated the contractile strength of the ventricle at heart rates and LV cavity volumes within physiological range; augmentation persisted for several minutes following release of the compressing restraint; external compression resulted in corresponding increases in intramyocardial pressure (table 4) .
The contractile strength of an isovolumic ventricle increased within 5 to 10 seconds following restoration of coronary perfusion pressure: this change of ventricular function could not be attributed to improved substrate or oxygen availability or to more effective washout of wastes. The "primary peak" LVP occurred too rapidly to be explained by diffusion of metabolites to the heart muscle cells; it was present even when the coronary vessels were free of blood and of "useful substrates." However, the rise of LVSP to the "secondary plateau" was dependent upon the metabolic support afforded by arterialized blood (other liquids not tested here). Intramyocardial pressure always varied in the same direction as coronary perfusion pressure (table 3) . Increased coronary perfusion pressure (or increased IMP) without concomitant changes of metabolic support, sufficed to elicit an immediate increment of contractile strength. This separate, "nonmetabolic" influence of coronary pressure upon ventricular function has not been demonstrated before.
Summary
In paced, isovolumic hearts under otherwise constant conditions, the contractile strength of the left ventricle was markedly increased by external compression of the heart. In a similar arrangement, restoration of coronary perfusion pressure after temporary arrest of inflow caused immediate increases of LV systolic pressure. This sudden potentiation of contractile strength was not explained by
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changing metabolic support because it occurred too soon after restoration of coronaiy pressure and was observed during perfusion with dextran-saline when all blood had been washed from the coronary tree before arrest of perfusion. After episodes of compression or interrupted coronary inflow, the contractile strength of the left ventricle remained increased for periods of five to six minutes.
///. Intrinsic Factors Capable of Regulating Cardiac Performance
Until recently, the entities described in "Starling's Law of the Heart" were believed to be the only hemodynamic factors capable of regulating the performance of isolated hearts, although data from several sources 18 " 20 could not be reconciled with this concept. An important role of other intrinsic mechanisms of cardiac regulation was demonstrated in 1959 by the convincing data of Kosenblueth, Alanis, and Rubio. 21 The experimental analysis of Rosenblueth et al. 21~23 was conclusive because ventricular volumes and pressures were recorded with unequivocal, direct methods, together with information concerning coronary perfusion and other significant variables. Concepts similar to those of Rosenblueth et al. have also gained currency through later publications from the laboratory of Sarnoff. 24 However, the data published by Sarnoff et al. only showed that ventricular performance can vary while LVEDP remains constant, an observation already reported by Patterson, Piper, and Starling, 25 who believed it to result from variation of diastolic fiber length (p. 494). The significance of conclusions drawn by Sarnoff et al. is even more uncertain, because in their experiments ventricular volume was not measured, "segment length" is known to vary independently of ventricular volume or myocardial fiber length, changes of LV diastolic pressure may have been due to unobserved regurgitation through the aortic valve, heart rates were excessive, coronary pressure was not measured, and changes of LV distensibility - '"~ filling pressure, 22 heart rate, 23,27-31 S y S tolie pressure or volume, 18 and past performance. 23 
'
28~31 Two additional factors which can influence ventricular contraction are described here: (a) epicardial compression, and (b) coronary vascular pressure (as distinct from metabolic support afforded by coronary flow). The conclusion imposed itself that the contractile strength of a ventricle eould be altered by an array of physiological entities, each of which might have exerted its influence either separately or through a common mechanism, such as intramyocardial pressure.
EXTERNAL COMPRESSION AND CONTRACTILE STRENGTH
Potentiation of systole during external compression of a ventricle was not associated with increases of myocardial fiber length or with changes of contraction time. Contractile strength must have been augmented through a mechanism which involved a pressure somewhere within the heart muscle. We were unable to identify the particular phase of the "intramyocardial pressure curve" or the site of the pressure-sensitive regions which influenced contractile strength. Since reduced coronary perfusion is associated with decreased contractile strength, 2 the influence of external compression could not be explained by "coronary flow" factors. Left ventricular function may have been influenced by the release of a potentiating substance. This was suggested by the sustained increases of LVSP and by the increased heart rates which were observed after relaxation of the epicardial restraint. Potentiation diminished when compression was repeated too often or when it was carried to excessive diastolic pressures: these observations suggested depletion of the hypothetical substance analogous to the catecholamine depletion found after episodes of arrhythmia. 32 The augmentation phenomena observed here resembled in magnitude and duration the potentiation observed elsewhere after acetyleholine 58 
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which are believed to be caused by locally released catecholamine.
CORONARY PERFUSION PRESSURE AND CONTRACTILE STRENGTH
Changes of coronary pressure potentiated systole by means of two sharply distinct mechanisms, one of which acted rapidly and did not involve an increased supply of useful metabolites. The "rapid" augmentation of contractile strength could have been related to a separate, independent effect of coronary pressure or to the transmission of pressure from the coronary vessels to other structures within the heart muscle. The delayed restoration of contractile strength after temporary ischemia must have been related to resumption of metabolic support. If coronary perfusion factors contribute to the regulation of ventricular function in vivo, the data presented here indicate that beat-to-beat adjustments of ventricular function can result from variation of coronary vascular pressures, independently of substrate availability or coronary flow.
HEART RATE AND CONTRACTILE STRENGTH
The "staircase phenomenon" was observed here within physiological limits of heart rate, up to 120 to 130, when other factors were constant. At pulse rates in excess of 130, significant data could not be obtained because of arrhythmias or other abnormalities. Augmented contractile strength with faster heart rates could have been associated with changes of "average intramyoeardial pressure" or "subendoeardial pressure," but these entities were not measured here.
VENTRICULAR CAVITY VOLUME AND CONTRACTILE STRENGTH
The role of ventricular volume as a determinant of contractile strength has been confirmed by numerous investigators. 33 -34 However, Starling's explicit statement 25 ' 2G has not found support that Avould refer changes of contractile strength to changes of myocardial fiber length to the exclusion of presystolic fiber tension. Independent variations of LVDP and of epicardial dimensions have been reported from time to time and have been used most recently as an argument in favor of "Starling's Law." 37 Since such experiments did not consider variations of myocardial volume which may result from changes of coronary blood volume 17 or myocardial fluid content, 2 
'
3S~40 the observed independent variations of epicardial dimensions and LVDP could have been associated with increased, decreased, or unvaried ventricular cavity volume or myocardial fiber length. Rosenblueth et al. 21 considered presystolic fiber length as a regulatory factor only when the ventricle changed from one small enddiastolic cavity volume to another and •when LVBDP remained close to zero. However, "fiber length" may not play a role as the regulatory factor even under such restricted conditions because the data presented here show that IMP may change even when LVDP remains virtually constant during changes from one small cavity volume to another. Morphological and x-ray-studies have cast doubt upon the role of end-diastolic fiber length as a mechanism of cardiac regulation, even during changes of end-diastolic volume; variations of end-diastolic volume were accompanied by variable interdigitation of heart muscle layers rather than41 by changes in fiber length. Our own data and data from the literature suggest that, during simultaneous changes of left ventricular end-diastolic pressures and volumes, the directional changes of LVBDP may reflect corresponding variations of intramyocardial pressure or myocardial fiber tension.
In our experiments, the contractile strength of isolated ventricles was influenced to a similar degree by changes of intramyocardial pressure, irrespective of the intervention which had resulted in changes of the intramyocardial pressure (changes of ventricular volume, epicardial compression, coronary perfusion pressure, heart rate). When two of these parameters were varied in opposite directions so that IMDP remained constant (e.g., increasing coronary pressure with decreasing ventricular volume; increasing LVV with decreasing external compression), equal magnitudes of IMDP resulted in similar con-tractile strength (37 observations in seven experiments not reported here). Thus, the contractile strength could be determined by changes of IMP with or without changes of LV end-diastolic volume. However, presystolic fiber length could not be ruled out as a potential determinant of contractile strength by our experimental analysis.
FACTORS WHICH REGULATE THE CONTRACTILE STRENGTH OF HEART MUSCLE
Descriptions of cardiac performance must consider function parameters other than eontractile strength, such as rate of tension development, rate and degree of fiber shortening, rate of relaxation, and distensibility. 2 ' 43 "General" criteria of cardiac performance (such as work, 3 " cardiac response curves, 44 ventricular function curves 45 ) are appropriate for investigation of the circulatory system as a whole 40 and have helped to clarify interactions of the heart with the systemic and pulmonary circulations. However, "general" criteria cannot characterize or measure the rapidly changing physical state of heart muscle during a cardiac cycle; 43 they unite many criteria of cardiac effort into one expression which may comprise some parameters that decrease the magnitude of the integral, together with others that increase it (for instance, coronary pressure increases contractile strength but decreases ventricular distensibility). 2 Dogmatic statements concerning mechanisms of cardiac regulation would seem premature at the present time. Nevertheless, the adaptive mechanisms described here should be viewed within a larger frame of reference. Contraction of muscle is associated with ion flux across the cell membrane 47 ' 48 and is influenced by concentration gradients of electrolytes. 49 ' B0 Contraction is potentiated by catecholamines 51 ' 52 and pitressin, 53 while substances which block or deplete' ' 5B myocardial catecholamines decrease contractile strength and also evoke5354 the ionic changes of negative inotropy.' 54 We do not believe lhat electrolyte flux across myocardial cell membranes was influenced by changes of intramyocardial pressure. Our experiments suggested that all factors which determined contractile strength of isolated hearts could also influence the pressure at certain sites within the heart muscle and that the pressure at these specific locations regulated the release of an active substajice. The identity of the potentiating substance was not clear; catecholamines would seem implicated, since they can be set free in heart muscle by acetylcholine 33 ' 5G or electric shocks. 28> 2i1 However, in addition to the measurable substances norarterenol and epinephriue, other molecules of equal or greater potency, such as isoproterenol, may exist in heart muscle. If local release of potentiating substances would prove to be a mode of action shared by many intrinsic determinants of ventricular function, there would be no need to postulate basic differences between the numerous known "intrinsic" and external mechanisms of regulation : they could influence cardiac performance through the same common mechanism.
The physiological parameters which regulate cardiac performance in vivo were not identified from our experiments. Holt, Rhode, and Kines have shown that LV diastolie volumes and transmural pressures -were not subject to significant change throughout a wide spectrum of hemodynamic A'ariation, induced by plethora or hemorrhage. These findings appear to exclude presystolie pressure and volume as factors in the regulation of ventricular performance except under extreme conditions. From the data of Holt et al. and from our own data presented here and elsewhere,' 2 coronary artery pressure either directly or via transmission of pressure to sensitive regions in heart muscle, appeared to be the principal physiological entity inherent in heart muscle which would be expected to regulate cardiac performance in vivo.
Summary
Intramyocardial pressure was followed with the Johnson-DiPalma method in isolated hearts and in hearts in situ. Systolic intramyocardial pressure curves from hearts in situ exhibited two pressure peaks Avhich were SALISBURY, CEOSS, RIEBEN believed to coincide with peak contractile tension and with myocardial fiber shortening, respectively. The following factors influenced intramyocardial pressure: ventricular cavity volume, heart rate, coronary perfusion pressure, outflow resistance, and "epicardial" compression. The contractile strength of the left ventricle varied in proportion with the intramyocardial pressure; it did not appear to be regulated primarily by diastolic volume or by metabolic support. Intramyocardial pressure was believed to determine the contractile strength of the heart by controlling the release of a potentiating substance.
